Background: TMEM106B polymorphisms are associated with some forms of dementia. Results: A pathway for the sequential processing of TMEM106B on the lysosome membrane has been identified. Conclusion: TMEM106B undergoes processing via removal of its lumenal domain, followed by intramembrane cleavage by the protease SPPL2a. Significance: This may represent a mechanism for regulation of TMEM106B levels.
The regulated intramembrane proteolysis (RIP) 2 of transmembrane proteins has emerged as a widespread and evolutionarily conserved mechanism (1) . Generally, an initial proteolytic event results in the shedding of an ectodomain followed by intramembrane processing of the transmembrane stump, liberating an intracellular domain (ICD) and a small peptide corresponding to the transmembrane region between the two cleav-age sites. An increasing number of functions have been being ascribed to RIP in health and disease, including signaling functions such as transcriptional regulation by ICDs liberated from amyloid precursor protein and Notch, among many others (2, 3) . RIP is also implicated in the processing of MHC-I molecules by signal peptide peptidase (SPP) in the ER (4) . Finally, RIP may also represent a generalized mechanism for regulating the levels of membrane proteins (5) . Intramembrane cleaving proteases (iCLiPs) are a diverse group of three major protein families: the S2P-metalloproteases, the rhomboid serine proteases, and the GxGD-type aspartyl proteases, all of which are capable of cleaving proteins within the lipid bilayer (6) . Within the GxGD-type aspartyl protease family, presenilin has a strong preference for cleaving type I transmembrane proteins, and the signal peptide peptidase-like (SPPL) family has a strict requirement for type II membrane proteins (7) (8) (9) . Each member of the SPPL family has a specific subcellular localization and tissue distribution, suggesting that each may have unique substrate preferences (9, 10) . Intramembrane cleavage of transmembrane proteins by these proteases requires an initial ectodomain shedding event for the substrate to be accessible (11) (12) (13) .
TMEM106B was first identified as a genetic risk factor for frontotemporal lobar degeneration with TDP-43-positive inclusions (FTLD-TDP) caused by mutations in the progranulin gene (14, 15) . TMEM106B is a type II single pass transmembrane protein residing primarily within the limiting membrane of late endosomes and lysosomes (16 -18) . The SNPs associated with increased risk for FTLD-TDP do not result in mutations in the TMEM106B protein but instead lead to elevated mRNA and protein levels of TMEM106B (14, 17) . Increased TMEM106B levels have been shown to cause various lysosomal defects including altered morphology, impaired acidification, and reduced degradative capacity (17, 18) . Furthermore, a coding variant T185S, in linkage disequilibrium with the protective allele of TMEM106B, has been proposed to be more rapidly degraded, further implicating elevated TMEM106B levels as a potential mechanism underlying FTLD risk (19) . Although the risk for FTLD-TDP conferred by TMEM106B risk alleles is strongest in those with progranulin mutations, it has recently been shown to play a role in the pathogenesis of FTLD-TDP caused by C9ORF72 repeat expansions (20, 21) but not in other classes of FTLD, such as those caused by microtubule associated protein tau, MAPT mutations. Finally, the TMEM106B risk allele is associated with cognitive impairment in amyotrophic lateral sclerosis and is associated with the pathological presentation of Alzheimer's disease (22) (23) (24) .
EXPERIMENTAL PROCEDURES
Pharmacological Reagents and Antibodies-The following antibodies were used in this study: mouse anti-FLAG (M2) from Sigma, mouse anti-HA (HA.11) from Covance, mouse anti-GAPDH from Proteintech Group, mouse anti-v5 from Invitrogen, and rat anti-mouse LAMP1 (1D4B) from BD Biosciences. Rabbit anti-TMEM106B was generated against the ICD as described (18) . Rabbit anti-TMEM106A antibodies were generated by Pocono Rabbit Farm & Laboratory using the recombinant Gst-TMEM106A ICD region (amino acids 1-66) purified from bacteria as the antigen. 3-Methyladenine (3-MA), phorbol 12-myristate 13-acetate (PMA), leupeptin, and ammonium chloride were purchased from Sigma. TAPI-2, GM6001, BACE IV inhibitor, and (ZLL) 2 -ketone were from EMD Millipore.
Expression Constructs-Human TMEM106B cDNAs in the pCMV-Sport6 and pDONR223 vectors were obtained from Open Biosystems. SPPL2b, SPPL2c, TMEM106A, and TMEM106C were obtained from ORFeome Collection (kind gifts from Dr. Haiyuan Yu). SPPL2a was obtained from the DNASU Plasmid Repository (Arizona State University). All FLAG-tagged TMEM106 constructs were generated by cloning TMEM106 family cDNAs into the p3XFLAG-CMV7.1 vector (Sigma-Aldrich). All V5 tagged SPPL2 constructs were generated by cloning cDNAs into pCDNA3.1(ϩ)-V5/HisA (Invitrogen). The SPPL2a D412A mutant and the TMEM106B Y132D, Y125D, C105A, G110A, and P118A mutants were generated by site-directed mutagenesis. HA-TNF␣ in the pCMV-Tag 4 vector (Stratagene) was kindly provided by Dr. Hening Lin. TMEM106B cDNA in the pQCXIP retroviral vector (Clontech) was used for generating retrovirus for stable cells.
Cell Culture, DNA Transfection, and Drug Treatment-HEK293T and mouse N2a and NSC-34 cells were maintained in Dulbecco's modified Eagle's medium (Cellgro) supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin-streptomycin (Invitrogen) in a humidified incubator at 37°C and 5% CO 2 . Cells were transiently transfected with polyethyleneamine as described (25) . Cells were either treated with 200 nM PMA for 2 h, or with 50 M TAPI-2, 50 M GM6001, 20 M BACE IV inhibitor, 15 mM ammonium chloride, 250 M leupeptin, or 50 M (ZLL) 2 -ketone for 16 h. 3-MA was used at 5 mM for 16 h. Retrovirus for stable cell generation was produced by co-transfecting pQCXIP-TMEM106B and pCMV-VSV-G in a 2:1 ratio in Phoenix HEK293T cells. Viral supernatant was collected 3 days after transfection and added to NSC-34 cells with 8 g/ml Polybrene (Sigma) followed by treatment with 2 g/ml puromycin (Sigma) for clonal selection of transduced cells. siRNAs were transfected in N2a cells as described (18) .
Western Blot Analysis-Cells were washed with PBS 48 h post-transfection, and whole cell lysates were collected in Laemmli sample buffer with ␤-mercaptoethanol. Whole cell lysates were sonicated and kept on ice or heated at 95°C for 2 min. Samples were separated on 16% Tricine gels and transferred to Immobilon-FL polyvinylidene fluoride membranes (Millipore). Membranes were blocked for 1 h with 5% nonfat milk in PBS and incubated in an equal mix of TBS with 0.1% Tween 20 (TBS-T) and Odyssey blocking buffer (LI-COR Biosciences) containing primary antibodies overnight at 4°C. The membranes were washed three times with TBS-T and incubated with secondary antibodies conjugated to Alexa Fluor 680 (Invitrogen) or IRDye 800 (LI-COR Biosciences) for 1 h at room temperature. Membranes were washed three more times with TBS-T, then imaged, and quantified using an Odyssey Infrared imaging system (LI-COR Biosciences).
Immunofluorescence Microscopy-Cells on coverslips were washed with PBS 48 h post-transfection and fixed in 4% paraformaldehyde for 15 min at room temperature. The cells were washed three more times with PBS followed by permeabilization and blocking in blocking buffer (0.05% saponin, 3% BSA in PBS) for 1 h. Primary antibodies were incubated in blocking buffer overnight at 4°C. The cells were washed and incubated in secondary antibodies conjugated to CF488A, CF568, or CF660C (Biotum). Cells were washed three more times, and coverslips were mounted onto slides with Fluoromount G (SouthernBiotech). Images were acquired on a CSU-X spinning disc confocal microscope (Intelligent Imaging Innovations) with an HQ2 CCD camera (Photometrics) using a 100ϫ objective.
RESULTS
TMEM106B Is Proteolytically Processed-When lysates from HEK293T cells overexpressing TMEM106B are subjected to Western blotting with a homemade antibody against the N-terminal intracellular/cytosolic domain of TMEM106B, we observed a strong immunoreactive band at ϳ14 kDa along with a much fainter band at ϳ12 kDa in addition to the full-length 43-kDa band ( Fig. 1A ). We hypothesized that the 14-kDa band was the N-terminal transmembrane stump (the N-terminal fragment (NTF)) after cleavage of the TMEM106B lumenal domain and that the fainter 12-kDa band was a short-lived intracellular domain (ICD). Indeed, when C-terminal deletion constructs of TMEM106B were run next to the cleaved fragments of TMEM106B, the NTF ran similarly to the 1-127 fragments, which corresponds to the predicted size of NTF with the cytosolic and transmembrane region. The ICD fragment ran similarly to the 1-106 fragments, which could be the predicted size of the ICD resulting from intramembrane cleavage. Thus, it is very likely that TMEM106B is subject to RIP-mediated processing. Consistent with this hypothesis and the fact that ectodomain shedding is a prerequisite for most known instances of RIP (11) (12) (13) , we found that the 1-127 fragment can be further cleaved to a smaller fragment with the same apparent size as the ICD generated by full-length TMEM106B. The 1-132 NTF fragment, on the other hand, was very poorly processed, despite similar expression levels. This suggests that the length of the remaining lumenal portion of the NTF is critical for recognition by the protease required for conversion to the ICD (Fig. 1A) .
The FLAG-tagged TMEM106B has significantly decreased NTF and ICD generated compared with untagged TMEM106B when overexpressed in HEK293T cells (data not shown), indicating that the N terminus of TMEM106B could affect TMEM106B processing.
Next we sought to determine whether TMEM106B processing could be detected in other cell lines without massive overexpression. Stable lines with different levels of TMEM106B expression were generated in the NSC-34 motor neuron-like cell line. In these stable lines, the appearance of NTFs is readily apparent, and the amount of NTF generated appears directly proportional to the level of TMEM106B expressed, with a clone expressing near endogenous levels of TMEM106B showing minimal NTF generation and clones expressing higher levels of full-length TMEM106B exhibiting greater levels of NTF gener-FIGURE 1. TMEM106B undergoes sequential proteolysis. A, HEK293T cells transfected with TMEM106B were treated with vehicle control or (ZLL) 2 -ketone for 14 h as indicated. Whole cell lysates were subject to anti-ICD Western blot, which revealed a 43-kDa monomeric TMEM106B, a 14-kDa membrane-retained NTF stub, and a 12-kDa ICD. Size standards corresponding to the first 132, 127, 106, and 101 residues of TMEM106B were run next to lysates from full-length (FL) TMEM106B expressing cells as indicated. The NTF runs closest to the 1-127 fragments, whereas the ICD runs closest to the 1-106 fragments. The asterisk indicates a nonspecific band running right below NTF. B, (ZLL) 2 -ketone inhibits the formation of the ICD, resulting in a relative increase in the NTF levels and a decrease in ICD. The ICD generated was quantitated by densitometry and calculated as a ratio relative to full-length and NTF TMEM106B. (n ϭ 3 Ϯ S.E.; ***, p Ͻ 0.001, Student's t test). C, whole cell lysates from a control NSC-34 cell expressing endogenous TMEM106B and a stable line expressing high levels of TMEM106B were blotted with anti-ICD antibodies. Treatment with 5 mM 3-MA for 16 h increases the levels of full-length TMEM106B and ICDs. D, NTFs and ICDs of TMEM106B can be detected at endogenous levels in N2a cells. N2a cells were transfected with control siRNA or siRNA against TMEM106B to determine whether these smaller fragments are derived from TMEM106B. Lysates from transfected HEK293T cells were run side by side as a control. The asterisk indicates a nonspecific band running right above NTF in N2a cells. The low molecular weight part of membrane was blotted separately with high concentration of anti-ICD antibodies to allow the detection of low levels of NTF and ICD in N2a cells. E, TMEM106B NTFs composed of the amino acids 1-127 retains its lysosomal compartment localization. F, the predicted TMEM106B ICD composed of the first 106 residues partially localizes to lysosomes, although less than full-length TMEM106B or NTF. Scale bars, 10 m in main panels and 2 m in insets. ation (data not shown). An ICD fragment was detectable in the stable lines with higher expression levels, and its levels are increased by treatment with 3-MA, an inhibitor of the class III PI3 kinase VPS34 (Fig. 1C ). 3-MA treatment prevents the induction of autophagy and increases the levels of TMEM106B (18, 26) . Fragments corresponding to the sizes of NTF and ICD can also be detected in N2a cells at endogenous levels with optimized conditions for Western blot (Fig. 1D ). The levels of these fragments are significantly reduced upon silencing of TMEM106B expression using siRNA (Fig. 1D ), supporting that these fragments are processed products of TMEM106B.
Many ICDs generated by RIP traffic to the nucleus to regulate transcription (1). To determine whether this could be the case for TMEM106B, we examined the localization of TMEM106B 1-127 NTF and 1-106 ICD fragments. When overexpressed in N2a cells, a localization to the lysosomal compartment for both TMEM106B NTF(1-127) and ICD(1-106) could be detected, although less well so than full-length TMEM106B (Fig. 1 , E and F). There are likely lumenal determinants, such as glycosylation, required for proper TMEM106B trafficking to lysosomes, which are missing in the NTF and ICD fragments (16) . The fact that at least some of the NTF localizes to lysosomes and that it is apparently capable of being further processed to an ICD-like fragment (Fig. 1A ) lends support to the idea that NTF conversion to the ICD occurs on the lysosomal membrane. The TMEM106B ICD(1-106) also appeared partially localized to lysosomes, suggesting that the liberated ICD can remain associated with the lysosome membrane after RIP (Fig. 1F ). Several features of the ICD may explain the partial lysosomal localization observed. First, electrostatic interactions may mediate contact between negatively charged phospholipid head groups and the string of basic residues N-terminal to the transmembrane region of TMEM106B. Second, the last 10 amino acids corresponding to the partial transmembrane region predicted to be left after intramembrane cleavage are highly hydrophobic, which may facilitate insertion in to the lipid bilayer. Still, the level of lysosomal localization of the TMEM106B ICD was markedly less than the NTF and especially full-length TMEM106B, indicating that the ICD is likely capable of being liberated from the membrane after cleavage from the NTF.
The NTF Is Generated by Lysosomal Proteases-Because TMEM106B is a late endosomal/lysosomal protein (16 -18) , and ectodomain shedding generally refers to the extracellular release of a soluble protein domain, we henceforth refer to this analogous shedding event to generate TMEM106B NTFs as lumenal domain shedding. To narrow down the possible enzymes required for the initial lumenal domain shedding event, we screened a number of compounds that are capable of inducing or inhibiting various classes of sheddase. Members of the A disintegrin and metalloproteinase (ADAM) family are often implicated in the primary ectodomain shedding event for transmembrane proteins prior to RIP (27) . Cells treated with PMA, a protein kinase C inducer that stimulates ADAM sheddase activity, failed to induce TMEM106B lumenal domain shedding as assessed by the levels of NTF produced relative to full-length protein ( Fig. 2A) . Treatment with the hydroxamic acid-based inhibitor TAPI-2, a broad spectrum inhibitor of sheddases in the matrix metalloproteinase (MMP) and ADAM families, failed to inhibit TMEM106B shedding ( Fig. 2A) . The related MMP inhibitor GM6001 also failed to decrease TMEM106B shedding (data not shown). As a positive control for PMA and TAPI-2 activity, we pretreated TNF␣ expressing HEK293T cells with TAPI-2 or vehicle control and then treated with PMA. As expected, PMA induced a large decrease in the levels of full-length TNF␣, whereas TAPI-2 pretreatment prevented this effect ( Fig. 2A) . Most ADAM and MMP sheddases are primarily active outside of the cell to cleave extracellular domains of transmembrane proteins (28, 29) . Our data confirms that these are unlikely candidates for TMEM106B lumenal shedding. BACE1, the sheddase for amyloid precursor protein required for ␤-amyloid generation, is active in endosomal and lysosomal compartments (30) . However, treatment with BACE inhibitor IV also failed to inhibit NTF generation ( Fig.  2A) . Thus, neither the metalloprotease family (MMP and ADAM) nor the aspartic protease BACE family, which comprise the majority of known sheddases, appears to be responsible for TMEM106B lumenal domain shedding, suggesting a potentially novel mechanism.
Lysosomes harbor a wide range of proteases, which can be inhibited by raising the pH of the lysosome or by direct inhibition with leupeptin, a protease inhibitor (31) . Treatment with leupeptin resulted in a modest decrease in the levels of NTF relative to full TMEM106B, whereas treatment with ammonium chloride significantly decreased the level of NTF relative to full-length TMEM106B. Treatment with both leupeptin and ammonium chloride further increased the significance of this effect and suggests that the TMEM106B lumenal domain shedding event may occur within the lumen of the lysosome by a resident protease (Fig. 2, A and B) . We have previously shown that ammonium chloride treatment results in an increase in the levels of endogenous full-length TMEM106B, which would be expected if TMEM106B cleavage was inhibited (18) .
To determine the amino acids proximal to residue 127 necessary for substrate recognition by lysosomal proteases, we used a bioinformatic approach to predict potential recognition motifs for lysosomal proteases in the cathepsin family. Potential sequences in the lumenal domain of TMEM106B were identified using SitePredict software (32) . Amino acids Tyr 125 and Tyr 132 were identified to be in either the P1 or P1Ј substrate position of at least three potential cleavage sites for cathepsins D, E, and G. These residues were mutated to aspartic acids to change the bulky hydrophobic characteristics of the substrate conferred by the tyrosines at those positions. Interestingly, the Y132D mutant had a significant reduction in the NTF levels and a concomitant increased level of full-length TMEM106B compared with wild type controls, consistent with impaired proteolytic processing of the full-length protein to the NTF (Fig. 2, C and D) . Thus, Tyr 132 may play an important role in the recognition or cleavage of the TMEM106B lumenal domain by resident proteases. To rule out that this is not due to mislocalization of the Y132D mutant, the localization of TMEM106B Y132D mutant was examined in N2a cells. TMEM106B Y132D strongly localized to lysosomes much like wild type TMEM106B, thus confirming that the defects in NTF formation are due to decreased proteolysis in lysosomes and not reduced substrate accessibility (Fig. 2E) .
The Y125D mutant, as well as the Y125D/Y132D double mutant also showed almost completely abolished NTF formation and also increased levels of full-length TMEM106B (data not shown); however, these mutants were severely mislocalized and were retained primarily in the ER (unpublished observations). Nonetheless, these results support a model in which resident lysosomal proteases are responsible for the lumenal cleavage of TMEM106B to generate the NTF.
The TMEM106B NTF Is a Substrate for Intramembrane Proteolysis by SPPL2a and SPPL2b-The SPP family of iCLiPs has been shown to cleave a number of type II transmembrane proteins at various subcellular locations (10, 33-36). Treatment of TMEM106B-overexpressing HEK293T cells with the specific SPP class protease inhibitor (ZLL) 2 -ketone led to an increase in the relative amount of TMEM106B NTF generated and a concomitant decrease in the ICD, suggesting that an endogenous SPP class protease plays a role in cleaving the TMEM106B NTF in HEK293T cells (Fig. 1, A and B) .
Among the SPP family members, SPPL2a and SPPL2b have recently been implicated in the intramembrane proteolysis of several type II membrane proteins. To date, five known substrates have been identified: TNF␣, Fas Ligand, British dementia protein-2/ITMB2 (Bri2), Transferrin Receptor 1, and CD74 (33) (34) (35) (36) (37) (38) (39) (40) (41) . In some cases, SPPL2a and SPPL2b appear to share a common substrate such as TNF␣ and Bri2. To test whether TMEM106B could be a substrate of either of these enzymes, we FIGURE 2. TMEM106B lumenal domain shedding occurs at the lysosome. A, TMEM106B lumenal domain shedding is not mediated by most known classes of sheddases including ADAMs and MMPs but is slightly reduced by inhibition of lysosomal proteases and inhibitors of lysosomal acidification. HA-TNF␣ blot is provided as a positive control for the effects of PMA and TAPI-2. PMA induces ectodomain shedding of full-length (FL) TNF␣, which is prevented by pretreatment with TAPI-2. HEK293T cells overexpressing TMEM106B were treated with indicated chemicals for 16 h, except PMA, which was treated for 2 h. Concentrations used were 50 M TAPI-2, 200 nM PMA, 20 M BACE IV inhibitor, 15 mM ammonium chloride, and 250 M leupeptin. ICD standards of different sizes show that the 106-amino acid fragment is closest in size to the ICD generated by TMEM106B. Note that the actual ICD appears as a doublet of two very closely spaced bands. B, the ratio of NTF to full-length TMEM106B was quantitated from the data presented in A (n ϭ 6 Ϯ S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01, Student's t test). C, the TMEM106B Y132D lumenal domain shows increased levels of full-length TMEM106B and decreased levels of NTF. D, the ratio of NTF to full-length TMEM106B was quantitated from the data presented in C (n ϭ 4 Ϯ S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01, Student's t test). E, TMEM106B Y132D co-localizes with lysosomal marker LAMP1 when expressed in N2a cells. Scale bars, 10 m in main panels and 2 m in insets.
co-transfected TMEM106B into HEK293T cells with vector control, or expression constructs for SPPL2a, SPPL2b, and their paralog, SPPL2c. We found that both SPPL2a and SPPL2b, but not SPPL2c were capable of cleaving the TMEM106B NTF to generate smaller ICD fragments, and the activity of SPPL2a, but not SPPL2b, was inhibited by treatment with (ZLL) 2 -ketone ( Fig. 3, A and B) . Additionally, D412A, a catalytically inactive mutant of SPPL2a, failed to induce this cleavage, indicating that SPPL2a enzymatic activity is indeed required to induce cleavage within the TMEM106B NTF.
To determine SPPL2a cleavage site in TMEM106B, we generated point mutants at key residues within and near the transmembrane region of TMEM106B based on studies suggesting that helix breaking residues in the transmembrane region of SPP family substrates are required for efficient catalysis of membrane proteins (42, 43) . Because both cysteine and glycine have a high propensity for helix destabilization, residues Cys 105 and Gly 110 in the transmembrane region of TMEM106B were mutated to alanines to test their effect on TMEM106B cleavage.
Proline is the most helix destabilizing amino acid, and Pro 118 immediately C-terminal to the transmembrane region was also mutated to alanine (44) . The G110A and P118A mutations had no effect on the ratio of ICD to NTF and full-length TMEM106B, although the P118A mutant is expressed at much lower levels (Fig. 3C ). On the other hand, the C105A mutant showed a decrease in the levels of ICDs generated. Surprisingly, this mutant also exhibited a reproducible decrease in the levels of the NTFs, and there was no statistically significant change in the ratios of ICD to NTF (Fig. 3C and data not shown) . Taken together, these data indicate that helix-breaking residues are not essential for the intramembrane cleavage of TMEM106B per se. However, the fact that C105A mutation results in decreased NTF formation suggests the intriguing possibility that there are transmembrane determinants for substrate recognition in the lumenal domain of TMEM106B.
SPPL2a has been reported to be primarily localized to late endosomes and lysosomes, whereas SPPL2b is primarily expressed at the cell surface (33, 45) . To demonstrate the local- for 16 h) . The catalytically inactive mutant of SPPL2a (D412A) also fails to induce NTF conversion to ICD. SPPL2b promotes conversion of NTF to ICD and is somewhat resistant to (ZLL) 2 -ketone inhibition under the conditions tested. SPPL2c fails to promote NTF to ICD conversion. Size standards of 132, 127, 106, and 101 amino acids were included as reference to highlight the relative sizes of the NTF and ICD fragments. B, the ratio of ICD to NTF and full-length (FL) TMEM106B was quantitated from the data presented in A. (n ϭ 4 -5 Ϯ S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01, Student's t test). C, processing of the TMEM106B C105A, G110A, and P118A mutants expressed in HEK293T cells. The asterisk indicates a nonspecific band running right below NTF.
ization of these proteases in TMEM106B expressing cells, we analyzed the localization of the v5-tagged SPPL2 proteins in N2a cells along with endogenous TMEM106B. TMEM106B appears primarily distributed across the limiting membranes of LAMP1-positive vesicles. SPPL2a as well as the D412A mutant could be detected on vesicles containing both LAMP1 and TMEM106B, indicating that SPPL2a could likely access lysosomal TMEM106B as a substrate (Fig. 4, A and B) . SPPL2b localizes very poorly to these TMEM106B-positive vesicles (Fig. 4C) . Instead, SPPL2b accumulates in large perinuclear stacks, possibly Golgi (Fig. 4C ). SPPL2b might process TMEM106B in the Golgi because a small population of TMEM106B is also observed in the Golgi at the steady state. SPPL2c shows a reticulated pattern of localization, indicative of a possible ER localization consistent with a previous report ( Fig.  4D) (33) . In agreement with this, SPPL2C has no activity toward TMEM106B (Fig. 3, A and B) .
The TMEM106B Paralogs TMEM106A and TMEM106C Are Not Subject to Intramembrane Proteolysis-To test the specificity of TMEM106B as a substrate for SPPL2a-mediated intramembrane proteolysis, we decided to explore the localization and cleavage patterns of two paralogs of TMEM106B: TMEM106A and TMEM106C. N-terminally FLAG-tagged TMEM106A and TMEM106C constructs were used to determine intracellular localization. Like TMEM106B, TMEM106A is primarily localized to lysosomes in N2a cells (Fig. 5A ). TMEM106C does not localize to lysosomes but rather shows a reticulated pattern indicative of an ER localization (Fig.  5B) . To determine whether TMEM106A and TMEM106C can be cleaved by SPPL2a, untagged TMEM106A construct and FLAG-TMEM106C constructs were co-transfected with SPPL2a in HEK293T cells. No specific degradation products consistent with a size expected of a homologous NTF or ICD were detected for TMEM106A with SPPL2a overexpression (Fig. 5C ). TMEM106C exhibits a series of closely spaced bands at ϳ37 kDa, possibly because of different levels of glycosylation. Additionally, specific bands of ϳ21 and ϳ18 kDa were detected. These bands could be degradation products and could conceivably correlate with an NTF and ICD product. However, SPPL2a had no effect on TMEM106C processing (Fig. 5D ). SPPL2b and SPPL2c also had no effect on TMEM106A or TMEM106C NTF processing (data not shown). These results suggest that SPPL2a cleavage of TMEM106B is relatively specific, because even a close homolog, TMEM106A, expressed at similar levels and localized to the same subcellular compartment, fails to be cleaved by SPPL2a under our experimental conditions. Although iCLiPs can have a large array of potential substrates, they do appear to display some selectivity even for potentially very similar substrates. This modality is supported by experiments by Martin et al. (12) in which they demonstrate that SPPL2b efficiently cleaves the Bri2 protein, but not the highly homologous Bri3, even after it is artificially truncated to mimic the NTF of Bri2.
Model of TMEM106B Processing and RIP-A cartoon schematic of the predicted major proteolytic events in TMEM106B processing is proposed in Fig. 6 (A and B) . An initial series of shedding events occurs in the lysosomal lumen by resident proteases to generate a stable TMEM106B NTF of ϳ127 amino acids. This NTF is subsequently cleaved by SPPL2a on lysosome membranes, yielding a short-lived and highly unstable ICD product.
Close examination of the ICDs generated by TMEM106B reveals the appearance of two or more extremely closely spaced bands, suggesting that the ICDs could actually result from at least two different cleavage events close to amino acid 106 (Figs. 1A, 2A, and 3A) . This may suggest some degree of degeneracy in the cleavage site by SPPL2a, which has been reported for the FIGURE 6 . Model for TMEM106B processing. A, schematic illustration of lumenal domain cleavage and regulated intramembrane proteolysis of TMEM106B, yielding a released lumenal domain and a membrane-retained NTF that is further processed into an ICD and a small predicted peptide by SPPL2a. B, locations of predicted cleavage sites of TMEM106B by an as of yet unidentified sheddase at a lumenal juxtamembrane region near amino acid 127 and within the transmembrane region centered around amino acid 106. The transmembrane region is shown as a blue cylinder. C, sequence alignment of the TMEM106B transmembrane region and proximal lumenal domain from various species shows a high degree of conservation. The transmembrane residues are indicated by a line above the relevant residues, whereas the remaining residues correspond to the adjacent lumenal domain. The sequence alignment was performed using Clustal Omega (52) . JULY 11, 2014 • VOLUME 289 • NUMBER 28
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other SPPL2a substrate TNF␣ (37) . It has been argued that these multiple cleavage sites are required for the liberation of the TNF␣ ICD into the cytosol (7) . This lack of absolute specificity of the intramembrane cleavage site may be a more general feature of the GxGD family of iCLiPs with certain substrates, because similar patterns of intramembrane cleavage are seen by proteases such as presenilin (46) . TMEM106B is a highly conserved protein, detected throughout the vertebrate lineage. Sequence alignment shows that the transmembrane region and membrane-proximal lumenal domain region is absolutely conserved in most mammals and is largely identical even in Danio rerio and Xenopus laevis (Fig.  6C) . Similarly, intramembrane proteolysis is a ubiquitous mechanism across all domains of life. This points to the prospect that RIP of TMEM106B may also be an evolutionarily conserved event.
DISCUSSION
In this study we demonstrate the selective processing of the lysosomal membrane protein TMEM106B via the sequential actions of lumenal domain shedding and RIP. This TMEM106B processing bears a striking resemblance to the processing of CD74 on the late endosomes/lysosomes of B cells, in which CD74 is sequentially cleaved by lumenal cathepsin S followed by intramembrane cleavage by SPPL2a. Knock-out of SPPL2a causes an accumulation of intermediate sized fragments of CD74 between that of the full-length protein and NTF, suggesting multiple processing steps occur in the acidified lumen (35, 40) .
We showed that inhibition of lysosomal hydrolases with either ammonium chloride or leupeptin reduces lumenal domain shedding of TMEM106B. The tyrosine at position 132 appears to play a role in TMEM106B lumenal shedding. Mutation of this residue results in impaired lumenal shedding, although not a complete block. It is conceivable that the TMEM106B lumenal shedding event may be mediated by one or more soluble lysosomal proteases such as cathepsins present within the lumen. Alternatively, this event may be mediated by an as yet unidentified sheddase present within the lysosome membrane. Lysosomal proteases such as the cathepsins have highly redundant substrate specificities, and it is likely that multiple residues are implicated in substrate recognition. Further experiments with a more systematic series of mutations and more specific cathepsin inhibitors or in specific cathepsin knock-out backgrounds may help clarify the exact role of different proteases involved in lumenal domain shedding. It will be also interesting to understand whether this shedding happens constitutively in response to elevated levels of TMEM106B or whether it is regulated by other factors.
We show that the GxGD proteases SPPL2a and SPPL2b are capable of cleaving TMEM106B when overexpressed; however, SPPL2a appears to be more specifically inhibited by the SPP family inhibitor (ZLL) 2 -ketone, and it co-localizes much better with TMEM106B on the lysosomes, in agreement with previous reports showing that SPPL2a is predominantly trafficked to endosomes and lysosomes (33, 45) . SPPL2b localizes to the cell surface and is also observed to accumulate intracellularly when expressed in N2a cells. We speculate that this overexpression may have saturated the machinery normally required for SPPL2b trafficking to the cell surface, causing it to accumulate in the secretory pathway where it may mediate the constitutive cleavage of newly synthesized TMEM106B. Microarray studies performed by Friedmann et al. (9) show that SPPL2b is expressed at low levels in most tissues except the adrenal cortex and mammary glands; SPPL2a, on the other hand, is expressed at high levels in a large number of tissues, with the highest levels detected in the brain. Expressed sequence tag profiles of TMEM106B also show TMEM106B expression in a large number of tissues, including the brain (47) . Because of these considerations, we predict SPPL2a, and not SPPL2b, to be the major physiologically relevant iCLiP responsible for processing the TMEM106B NTF in vivo.
RIP generation of soluble ICDs has been proposed to mediate a large variety of signaling events both in the cytosol and in the nucleus to regulate transcription (48 -50) . However, because of the extremely short-lived nature of the vast majority of ICDs generated by RIP, many have yet to be detected under endogenous conditions. We see no evidence of the TMEM106B ICD fragments in the nucleus when overexpressed. Instead, the TMEM106B ICD seems somewhat lysosomally localized (Fig.  1F) . A recent study reported that lysosomal TMEM106B may act as a brake against retrograde dendritic trafficking through its interaction with the microtubule-associated protein MAP6 (51) . It will be interesting to see whether the cleavage of TMEM106B by RIP could serve as a mechanism to further fine tune lysosomal trafficking. Although we cannot rule out that processing of TMEM106B by RIP has a signaling function, another possibility is that RIP processing of TMEM106B serves as a membrane protein quality control mechanism allowing the efficient removal of excess TMEM106B and controlling TMEM106B levels, which might be essential for proper lysosomal function (17, 18) . Given the accumulating evidence linking elevated TMEM106B levels to FTLD risk, identifying pathways that regulate TMEM106B levels may represent an important avenue in developing strategies for therapeutic intervention.
